Introduction
Nonlinear evolution equations (NLEEs) are broadly used to explain complex sciences phenomena such as optical fiber communications, ocean engineering, fluid dynamics, chemical physics, plasma physics, etc. The previous work is mainly concerned with the solutions [1, 2] . A variety of analytical and numerical methods have been suggested for the investigation of solitary wave models, soliton models, including inverse scattering [8] , homogeneous balance method [11] [12] [13] , F-expansion method [14] , Hirota direct method [10] , Bäcklund transformation [9] , Lie symmetry transformations method [15] , etc.
Waves have the most important influence on the ocean engineering, marine environment and basically on the planet's climate. One of the most significant applications to the classification of waves on marine environment, is the field of shallow water wave which is illustrated subsequently. These shallow water equations express the motion of water forms wherein the depth is short corresponding to the scale of the waves propagating on that form. The motion of shallow water waves is directed by Euler's equations which are entirely complex in nature and therefore require several efforts for solving them. Various forms for shallow water wave theory have been purposed because of its complexity and significance. Some of the wellknown shallow water wave forms are KdV-type equations, BLMP equation, WBK equation, Boussinesq equation and long water wave equation. These shallow water wave forms have extensive applications in the field of marine environment, oceanography and atmospheric science [21] . Shallow water equations also termed Saint-Venant equations in their unidimensional form. In this research article, we shall study the (3+1)-dimensional generalized shallow water wave equation [16, 17] : ∆ := u xxxy − 3u x u xy − 3u y u xx + u yt − u xz = 0
Equation (1) has wide applications in ocean engineering weather simulations, tsunami predication, tidal waves, river and irrigation flows and so on, which was researched in different ways. Tian and Gao [18] attained the soliton-type solutions of Eq. (1) by using the generalized tanh algorithm method with symbolic computation. Zayed [19] given the travelling wave solutions of Eq. (1) by using the (G'/G)-expansion method. Tang et al [20] obtained the Grammian and Pfaffian solutions of Eq. (1) by the Hirota bilinear form. Multiple solutions of Eq. (1) are examined by Zeng [14] . We motivated from the work of researchers [8, [22] [23] [24] [25] 35] to find exact solutions of (3+1)-dimensional generalized shallow water wave equation by the Lie symmetry method. Applications and proposal of the method can be observed from the literature [27] [28] [29] [30] [31] [32] [33] [34] . The nature of exact solutions of the GSWW equation is studied both analytically and physically through their evolution profiles under the suitable choices of arbitrary parameters. The format of this article is divided into following sections: in Section 1, a brief introduction of (3+1)-dimensional generalized shallow water wave equation is given; a description for Lie symmetries with derived invariant solutions is given in Section 2; Section 3, we obtain the symmetry groups corresponding to Eq. (1); Section 4 depicts reduction equations and invariant solutions are investigated; Section 5, we give results and discussion on the manuscript. Finally, conclusion are given in Section 6.
2 Lie symmetry analysis and Determining equations for the (3+1)-dimensional GSWW equation
To apply Lie symmetry method to the GSWW equation (1), we consider the one-parameter Lie group of infinitesimal transformations in (x, y, z, t, u) given bỹ
where ǫ ≪ 1 is a group parameter and ξ 1 , ξ 2 , ξ 3 , τ and η are infinitesimals coefficients. The associated Lie algebra of infinitesimal symmetries is spanned by vector fields
Having determined the infinitesimals, the symmetry variables are found by solving the invariant surface condition
where pr (4) V is the fourth prolongation of V . Applying the fourth prolongation pr (4) V to Eq. (1), the invariant conditions are given by
where η x , η y , η xy , η xx , η yt , η xz and η xxxy are the coefficients of pr (4) V (∆). Moreover, we have
where D x , D y , D z , D t are total derivatives with respect to x, y, z and t, respectively, which can be found in [27] [28] [29] 34] . Inserting Eqs. (3) and (5) into (4) yields the following deter-mining equations for the Eq. (1)
where
, etc. The solutions of the above system yields infinitesimal generators of the one-parameter Lie group of the point symmetries for the Eq. (1) as follows:
where a i , i = 1, . . . , 4 are all arbitrary constants and, f 1 (z), f 2 (t), f 3 (z) and f 4 (z, t) are the arbitrary functions. The prime ( ′ ) denotes the differentiation with respect to its indicated variables throughout the manuscript. Further the choices of f 1 (z), f 2 (t), f 3 (z) and f 4 (z, t) provide physically meaningful solutions of Eq. (1). Therefore, authors considered f 1 (z) = a 5 z + a 6 , f 2 (t) = a 7 t, f 3 (z) = a 8 z + a 9 and f 4 (z, t) = a 10 z + a 11 t + a 12 . Therefore, Lie algebra of infinitesimal symmetries of Eq. (1) is spanned by the following vector field
It is easy to check that the symmetry generators found in Eq. (7) 3 Symmetry group of (3+1)-dimensional GSWW equation
In this section, in order to get some exact solutions from known ones, we should find the Lie symmetry groups from the related symmetries. For this purpose, the one parameter group g i :
which is generated by the generators of infinitesimal transformations v i for 1 ≤ i ≤ 12 is formed. For this purpose, we solve following system of ODE's
where ǫ is an arbitrary real parameter and
So, we can obtain the Lie symmetry group
According to different ξ 1 , ξ 2 , ξ 3 , τ , and η, we have the following groups
The terms on the right side of Eqs. in (13) give the transformed point exp(x, y, z, t, u) = (x,ỹ,z,t,ũ). We observe that, the symmetry groups g 4 , g 6 , g 9 , g 12 demonstrate the space invariance of the equation, g 2 is a time translation. The well-known scaling symmetry turns up in g 1 , g 3 , g 5 , g 7 , g 8 , g 10 , g 11 . We can obtain the corresponding new solutions by applying above groups
is a known solution of Eq. (1), then by using above groups g i , 1 ≤ i ≤ 12 corresponding new solutions u i , 1 ≤ i ≤ 12 are obtained as follows
x, e 2ǫ y, z, te −3ǫ ),
By selecting the arbitrary constants, one can obtain many new solutions [6] [7] [8] [9] , such as
where c 1 , c 2 , c 3 , c 4 and c 5 are arbitrary constants. Hence, we have found more generalized solutions as compared with previous findings. Thus, we obtain the invariant solutions of Eq.
(1) using the corresponding Lagrange system given below:
.
The different forms of the invariant solutions of the equation are obtained by assigning the specific values to a i , 1 ≤ i ≤ 12. Therefore, the Lie symmetry method predicts the following vector fields to generate the different forms of the invariant solutions.
4 Symmetry reduction and closed-form solutions of (3+1)-dimensional GSWW equation
Since this equation does not possess Painlevé property, certain physically interesting solutions can be derived from corresponding similarity transformation method. Because of the complexity, we only obtain certain special similarity reductions by selecting corresponding arbitrary constants. Some geometric vector fields are listed as follows.
Vector field v 1 :
The characteristic equation associated with vector field
Integration of (15) yields the group invariant form as
Using Eq. (16) in (1), the latter changes to the (2+1)-dimensional nonlinear PDE given as
etc. Using infinitesimals for Eq. (17), corresponding characteristic equations are given as
where b 1 , b 2 and b 3 are arbitrary constants, and f (Z) is an arbitrary function. Without loss of generality, we can take f (Z) = b 4 in (18), where b 4 is arbitrary constant. Integration of (18) leads to
. Here G(r, s) satisfies the following reduced (1+1)-dimensional PDE
etc. Again, using infinitesimals for (20) the corresponding characteristic equation is given as
where c 1 and c 2 are arbitrary constants. Integration of (21) yields following variables
where R(w) satisfies following ODE
where k 1 , k 2 and k 3 are constant of integration. The invariant solution of Eq. (1) is given as
Vector field v 2 :
For the associated vector field
similarity transformation of the Eq. (1) may be obtained by solving the characteristic equations
Integration of Eqs. (27) yields the group invariant form as
Inserting the value of u from Eq. (28) in Eq. (1), we obtain the PDE for F (X, Y, Z):
The general solution of Eq. (29) is given as
where c 1 , c 2 , c 3 and c 4 are arbitrary constants. Moreover, in order to find invariant solutions we shall find new set of infinitesimals for Eq. (29), which are given below: 
For
The associated characteristic equations for Eqs. (31) are given below
Solving the characteristic equations Eq. (32), we get the similarity transformation
with
where G(r, s) satisfies reduced (1+1)-dimensional nonlinear PDE
Infinitesimals for Eq. (35) are
where R(w) satisfies reduced ODE
Integrating Eq. (38), we obtain
where c 0 is constant of integration. Eq. (39) is a nonlinear differential equation. As a result, its general solution is not easy to find. However, some particular solutions of Eq. (39) can be obtained as
where k 1 and k 2 are constants of integration. The invariant solution of Eq. (1) is given as
where r and s are given by Eq. (34). 
Case 1 
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(a) z = 0. 
Substituting the value of F in Eq. (29), we obtain reduced (1+1)-dimensional nonlinear PDE
Infinitesimals for Eq. (46) are
where α 1 , α 2 , α 3 and α 4 are arbitrary constants. Consequently, this case can be categorized into the following subcases: 
and R(w) satisfies reduced ODE
Equation (50) is a nonlinear ordinary differential equation. The authors could not find its general solution. However, three particular solutions of Eq. (50) can be obtained as
where k 1 , k 2 and k 3 are integral constants. Using Eqs. (51), (49) and (45) in (28), we obtain the invariant solutions of Eq. (1) are given as Case 1B: For α 1 = 0, and α 2 = 0 in Eq. (47) In this case, characteristic equations is
Solving Eqs. (55), we obtain similarity variables as
Two particular solutions of Eq. (57) can be furnished as
where k 1 and k 2 are constant of integration. Using Eqs. (58), (56), (45) in (28), we obtain the invariant solutions of Eq. (1) is given as
In this case, characteristic equation for Eq. (30) reduces to
Solving Eqs. (61), we obtain variables
and G(r, s) satisfies reduced (1+1)-dimensional PDE
Using new infinitesimals for Eq. (63), characteristic equations is given as
Consequently, two cases are discussed below:
By solving Eqs. (64) we obtain similarity variables as
Here, R(w) satisfies ODE
Eq. (66) is highly nonlinear and very difficult to solve in general. But we found one particular solution which is given below:
where k 4 is an arbitrary constant. Then, invariant solution is given by
where r and s are given by Eq. (62).
On solving Eqs. (64), the group invariant form is obtained as
Taking d 3 = 0 in Eq. (70), we get
where k 1 and k 2 are constant of integration. Then, the invariant solution of Eq. (1) is given as
where s is given by Eq. (62).
Vector field v 3 :
Solving Eqs. (73) we obtain the group invariant form u = F (X, Y, T ), where similarity variables are X = x, Y = y z , T = t.
(74)
To find invariant solutions for shallow water wave equation (1), we obtain the infinitesimals for Eq. (75) 
where c 1 =
. Solving Eq. (77), we obtain
Also, G(r, s) satisfies following (1+1)-dimensional PDE
The general solution of Eq. (79) is difficult to obtain. But using Lie symmetry method, we can find new set of infinitesimals for Eq. (79). Hence, we can write corresponding characteristic equation:
Solving Eqs. (80), we obtain following invariant
where R(w) satisfies the reduced ODE
Two particular solutions of Eq. (82) are given below
where k 1 , k 2 and k 3 are constant of integration. Using Eqs. (83), (81) and (78) in (74), we get the invariant solutions of Eq. (1)
where r is given by Eq. (78) (a) x = 3. Case 2: If b 1 = 0, the resulting Lagrange's system takes the form
Solving Eq. (86), we get
where G(r, s) satisfies PDE
To solve Eq. (88), we found new set of infinitesimals:
where c 1 , c 2 and c 3 are arbitrary constants. After solving characteristic equations we obtain group invariant form
where ' is derivaitve with respect to w. Integrating Eq. (91)
where c 0 is constant of integration. Eq. (92) is a complicated nonlinear differential equation and cannot be solved in general. Anyhow assuming the adequate values of arbitrary constants, some particular results can be attained in the following manner:
where k (74), we obtain the invariant solutions of Eq. (1) which are given as
where w is given by Eq. (90) and r, s are given by Eq. (87).
Vector field v 4 :
By solving Eq. (96), we get
where F satisfies the reduced (2+1)-dimensional nonlinear PDE
The reduced Eq. (98) is well known (2+1)-dimensional Boiti-Leon-Manna-Pempinelli (BLMP) equation was recently tackled by many researchers [33, [36] [37] [38] [39] [40] [41] [42] [43] . Recently, Kumar and Tiwai [33] applied Lie symmetry approach to find explicit solutions of BLMP equation and found exact and closed form solutions of Eq. (98), such as, parabolic, periodic, quasi periodic, multisoliton and asymptotic type solutions.
Vector field v 5 :
Solving Eq. (99), we obtain the group invariant form u = F (X, Z, T ), where similarity variables are
For Eq. (101) new set of infinitesimals
Lie symmetry analysis and new periodic... 
Sachin Kumar and Dharmendra
Solving Eq. (104) we obtain similarity variables
Substituting Eq. (105) in (101) we found it satisfies the Eq. (101). Hence invariant solution for Eq. (1) is
where G is an arbitrary function with rich physical interpretation as shown in Fig. 6 for G(z, t) = sin(z 2 t) and 7 for f (z, t) = sech(z 2 t).
Vector field v 6 :
Solving Eq. (107), we get u = F (X, Z, T ), where similarity variables are X = x, Z = z, T = t.
where F satisfies the reduced PDE
The general solution of Eq. (109) is
where f 1 and f 2 are arbitrary functions. Hence, the invariant solution of Eq. (1) is given as
where f 1 and f 2 are arbitrary functions.
(a) y = 5, z = 1. (g) y = 5, z = 5. 
Vector field v 7 :
For the associated vector field correspoding Lagrange system is
Solving Eq. (112) we obtain the group invariant form
, where similarity variables are Y = y, Z = z, T = t.
4.8 Vector field v 8 :
correspoding Lagrange system is 
The reduced PDE
has general solution as
where f 1 and f 2 are arbitrary functions. Using Eqs. (120) in (118), we obtain the invariant solution of Eq. (1) as u 21 (x, y, z, t) = f 1 (y, z) + f 2 (z, t).
Results and discussion
This study provides soliton solutions, rational solutions through symmetry analysis for the GSWW equation with constant-dependent coefficients. We framed the 2D, 3D and the contour graphics to some of the attained solutions. In our study, we present some new soliton solutions which are invariant for GSWW equation that could not be obtained earlier. Moreover, some new information about GSWW equation are presented from the perspective of Lie symmetry analysis. 
Conclusion
In this article, we study the (3+1)-dimensional generalized shallow water wave equation to find closed form solutions via Lie symmetry method. We have discussed infinite-dimensional Lie algebra and commutation relations for the equation. With the symbolic calculations and the reported results in this research, we have seen that the Lie symmetry method is wellorganized and reliable mathematical tools that can be used to examine various nonlinear (a) t = 1. (d) t = 3. (e) t = 3, y = 1, 2, 3.
(f) t = 3.
(g) t = 5. 
